Identification of the Subgenomic mRNAs That Encode 6-kDa Movement Protein and Hsp70 Homolog of Beet Yellows Virus  by Peremyslov, Valera V. & Dolja, Valerian V.
Virology 295, 299–306 (2002)Identification of the Subgenomic mRNAs That Encode 6-kDa Movement Protein
and Hsp70 Homolog of Beet Yellows Virus
Valera V. Peremyslov and Valerian V. Dolja1
Department of Botany and Plant Pathology and Center for Gene Research and Biotechnology, Oregon State University, Corvallis, Oregon 97331
Received November 29, 2001; returned to author for revision December 19, 2001; accepted January 31, 2002
A tandem arrangement of the genes encoding the 6-kDa hydrophobic protein (p6) and Hsp70 homolog (Hsp70h) is
conserved among the members of the Closterovirus genus. It was not known, however, if these movement proteins are
expressed from one or two subgenomic (sg) RNAs. Here we employ RNA ligase-mediated RACE to show that the Beet
yellows virus (BYV), a prototype Closterovius, produces separate sgRNAs encoding p6 and Hsp70h. This result is further
supported by generation of the recombinant BYV in which the truncated variants of these sgRNAs are resolved by Northern
analysis. The 5-termini of the p6 and Hsp70h sgRNAs are localized to BYV nucleotides G-9402 and A-9467, respectively.
Each of the sgRNAs was generated in vitro and found to direct the expected product upon translation in wheat germ extract.
Inactivation of the first start codons in these sgRNAs abolished translation of the each product. The polyclonal antibodies
raised to synthetic C-terminal peptides of p6 and Hsp70h specifically recognized corresponding translation products, as wellINTRODUCTION
Formation of the subgenomic (sg) mRNAs is one of the
principal mechanisms of gene expression in positive-
strand RNA viruses (Miller and Koev, 2000). Although a
majority of these sgRNAs are functionally monocistronic,
certain sgRNAs direct translation of two and even three
different products encoded by adjacent or overlapping
ORFs. The mechanisms governing expression of multiple
ORFs from a single mRNA species include leaky scan-
ning, read-through of the stop codons, and reinitiation
(Gale et al., 2000). The number of sgRNA species pro-
duced by positive-strand RNA viruses normally varies
from one (e.g., in Sindbis virus; Strauss and Strauss,
1994), to two (e.g., in Turnip crinkle virus; Wang and
Simon, 1997), to three (e.g., in Barley yellow dwarf virus;
Koev and Miller, 2000). Two remarkable exceptions are
represented by the animal viruses from the order Nidovi-
rales (Lai and Cavanagh, 1997; Snijder and Meulenberg,
1998) and plant viruses from the family Closteroviridae
(Karasev, 2000). These biologically and evolutionary dis-
similar virus taxa employ different, yet not completely
characterized transcription mechanisms that mediate
formation of the multiple sgRNA species (Miller and
Koev, 2000; Gowda et al., 2001).
The Beet yellows virus (BYV) utilized in this study
belongs to the Closterovirus genus of the Closteroviridae
family (Karasev, 2000). The 15- to 20-kb genomes of299closteroviruses possess 9 to 12 ORFs that specify 10 to
14 individual proteins. Despite this genetic variability, two
gene blocks are conserved among all closteroviruses.
The 5-terminal, “replication” block encodes one or two
leader proteinases required for efficient genome ampli-
fication and principal domains of the per se RNA repli-
case (Fig. 1) (Peremyslov et al., 1998; Satyanarayana et
al., 1999; Peng and Dolja, 2000; Peng et al., 2001). The
internal, quintuple gene block (QGB) codes for the puta-
tive, 6-kDa, hydrophobic protein (p6), Hsp70 homolog
(Hsp70h), and 60-kDa protein, as well as minor and
major capsid proteins (Fig. 1). All five of these proteins
were implicated in BYV cell-to-cell movement (Peremys-
lov et al., 1999; Alzhanova et al., 2000).
The unusual, filamentous virions of closteroviruses
possess a long body formed by a major capsid protein
and a short tail formed by a minor capsid protein
(Agranovsky et al., 1995). In addition, Hsp70h and 60-
kDa protein are associated with the virions and are
required for virion assembly (Tian et al., 1999; Napuli et
al., 2000; Satyanarayana et al., 2000). It was proposed
recently that the major function of the virion body is
genome protection, whereas the tail functions as a spe-
cialized device for cell-to-cell movement (Alzhanova et
al., 2001). In addition to the replication block and QGB,
the BYV genome harbors two genes encoding 20-kDa
proteins (Fig. 1). The 3-most of these genes is required
for efficient RNA accumulation (Peremyslov et al., 1998).
Northern hybridization analyses revealed that the 3-as p6 and Hsp70h produced in BYV-infected plants. Take
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Peremyslov et al., 1998). Moreover, it was found that the
accumulation of the individual sgRNAs is regulated both
quantitatively and temporally (Navas-Castillo et al., 1997;
Hagiwara et al., 1999). The 5-termini of a few sgRNAs
were also identified (Agranovsky et al., 1994; Karasev et
al., 1997). Despite this effort, the exact number and iden-
tity of the closteroviral sgRNAs were not known due to
tight, tandem organization of the small ORF encoding p6
and a downstream ORF encoding Hsp70h (Agranovsky
et al., 1991).
Here we demonstrate that the hydrophobic protein p6
is indeed produced in BYV-infected plants. We further
reveal that p6 and Hsp70h are expressed from two sep-
arate, functionally monocistronic sgRNAs and identify
the 5-termini of these RNAs. This work defines a com-
plete set of the BYV mRNAs and provides insight into the
transcriptional strategy of closteroviruses.
RESULTS
Mapping of the 5-termini of the sgRNAs that encode
p6 and Hsp70h
Our previous efforts to characterize the BYV sgRNA(s)
encoding p6 and Hsp70h using primer extension or con-
ventional RACE were hampered by the presence of mul-
tiple products of BYV RNA degradation (unpublished
data). To overcome this obstacle, we employed RNA
ligase-mediated RACE (RLM-RACE), which allows strict
selection for the amplification of the 5-terminal regions
of the undegraded, capped mRNAs (Shaefer, 1995). The
total RNA preparation was isolated from BYV-infected
plants and subjected to RLM-RACE. The corresponding
amplification products were cloned; restriction analysis
of several clones yielded inserts of identical size (data
not shown). Nucleotide sequencing of three independent
FIG. 1. Genetic maps of the wild-type (WT) and truncated variants of the BYV genome. The ORFs are shown as boxes; lines represent noncoding
regions. QGB, quintuple gene block. L-Pro, leader proteinase; MET, HEL, and POL, putative methyltransferase, RNA helicase, and RNA polymerase
domains of the replicase, respectively; p6, 6-kDa protein; Hsp70h, Hsp70-homolog; p64, a 64-kDa protein; CPm and CP, the minor and major capsid
proteins, respectively; p20 and p21, the 20- and 21-kDa proteins, respectively. The curved arrow indicates the site autoprocessed by the L-Pro. PshAI
and NsiI, restriction endonuclease sites used to generate the BYV-PN variant. GUS, a reporter gene that encodes -glucuronidase. Hs and 1, a
5-terminal part of the Hsp70h ORF and a 3-terminal part of p21 ORF, respectively, that were retained in the BYV-PN variant. The lines below each
BYV variant correspond to the sgRNAs, which are numbered according to their lengths in a WT BYV. The sgRNAs 1 and 2 characterized in this study
are shown as dotted lines. The name of the protein encoded by each sgRNA is shown at the left. Because the exact 5-termini of sgRNAs 3, 6, and
7 are not known, their lengths were determined arbitrarily. GUS is expressed under control of the sgRNA 5 promoter (Hagiwara et al., 1999). The sizes
of sgRNAs 1, 2, and 5 in mini-BYV and PN variants differ from those in WT BYV due to genetic manipulations.
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inserts also generated identical results: the 5-terminal,
BYV-specific nucleotide in these inserts corresponded to
A-9467. Since this nucleotide resides within the p6 ORF,
142 nt upstream from the start codon of the Hsp70h ORF
(Fig. 2), we concluded that it corresponds to the 5-
terminus of the sgRNA that encodes Hsp70h (sgRNA 2 in
Fig. 1).
Our failure to identify inserts corresponding to the
sgRNA that expresses p6 (sgRNA 1 in Fig. 1) could be
due to the low level of its accumulation or to the lack of
such sgRNA. To address the former possibility, we aimed
at elevating the p6 sgRNA level. This could be done by
reducing the distance of the sgRNA promoter from the
3-terminus of genomic RNA and by eliminating other
promoters that compete for the RNA transcription com-
plex (Dawson and Lehto, 1990; van Marle et al., 1995;
Hagiwara et al., 1999). To this end, we employed a
mini-BYV variant in which the region from the p6 ORF
start codon to the middle of the p20 ORF was replaced by
a reporter ORF that expressed -glucuronidase (GUS)
under control of the BYV promoter directing transcription
of the sgRNA 5 (Fig. 1). As a result, mini-BYV possessed
only three sgRNA promoters instead of seven (Hagiwara
et al., 1999). In addition, the distance from the p6 ORF
start codon to the genome 3-terminus was reduced by
3 kb.
The tobacco suspension culture protoplasts were
transfected by mini-BYV RNA transcripts, and RLM-
RACE was performed using the primer complementary
to the region upstream from the start site of the sgRNA
5. The corresponding amplification product was
cloned, and the nucleotide sequences of six individual
inserts were determined. Four of these inserts were
identical, with the G-9402 being the 5-terminal, BYV-
specific nucleotide that is located 43 nt upstream from
the start codon of p6 ORF (Fig. 2). Two other inserts
started at nt G-9398 and G-9405. These data could be
interpreted to mean that the principal start site for the
sgRNA 1 corresponds to G-9402, whereas G-9398 and
G-9405 represent alternative start sites within the ad-
jacent copies of the GUU motif. Taken together, these
results strongly suggested that p6 and Hsp70h are
expressed via formation of two sgRNAs whose lengths
differ by only 65 nt.
Genome truncation allows resolution of sgRNAs 1
and 2
To further confirm the formation of two distinct sgRNAs
that express p6 and Hsp70h, we resolved these RNA
species by Northern analysis. We reasoned that the
difference in lengths of the wild-type sgRNAs (65 nt or
1%) is beyond the resolution of agarose gel electro-
phoretic analysis. Furthermore, mini-BYV was also use-
less for this purpose because the start site of the sgRNA
2 was eliminated in this variant. Therefore, we engi-
neered an additional truncated BYV variant, designated
BYV-PN (Fig. 1). In this variant, the region from the
PshAI site within the Hsp70h ORF to the NdeI site within
the p21 ORF was deleted. As a result, only two sgRNA
promoters were retained to direct formation of the trun-
cated sgRNAs 1 and 2 of the expected sizes of 998 and
933 nt, respectively (Fig. 1). This 6% size difference
should be within resolution of Northern blot analysis.
The RNA transcripts of the BYV-PN variant were
transfected into protoplasts, and the virus-specific RNAs
were compared to those produced by the wild-type BYV
(Fig. 3). As expected, the level of virus RNA accumulation
was reduced in the BYV-PN variant compared to the
wild-type level due to inactivation of p21 (Peremyslov et
al., 1998). Nevertheless, overexposure of the membrane
allowed identification of the sgRNAs, whose sizes cor-
responded well to the expected sizes of sgRNAs 1 and 2
(Fig. 3, inset). Interestingly, the level of the sgRNA 1 was
significantly lower than that of sgRNA 2 (Fig. 3).
FIG. 2. Nucleotide sequence of the internal part of BYV genome from nt 9381 to 9611. The start codons of p6 and Hsp70h ORFs are shown in
boldface type. The arrows mark the very 5-terminal nucleotides of sgRNAs 1 and 2. The shaded areas designate identical octanucleotides located
upstream from the sgRNA start sites. The sequences conserved between corresponding areas of BYV and CTV RNAs are boxed. The stop codon of
the p6 ORF is underlined.
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Detection of p6 and Hsp70h produced in vivo and
in vitro
It was demonstrated previously that the BYV Hsp70h is
expressed early in infection (Hagiwara et al., 1999), func-
tions in BYV cell-to-cell movement (Medina et al., 1999;
Peremyslov et al., 1999), is associated with the virions
(Napuli et al., 2000), and is required for virion tail forma-
tion (Alzhanova et al., 2001). It could be argued, however,
that the detection of the minor species of sgRNA in
truncated BYV variants does not provide hard evidence
for the actual expression of the p6 in a course of BYV
infection. Although mutations in the p6 ORF debilitated
BYV cell-to-cell movement (Alzhanova et al., 2000), this
effect could be attributed to interference with the expres-
sion of Hsp70h. In order to detect p6, we generated
polyclonal antibody to a synthetic, C-terminal peptide of
the p6. Similar antibody was generated to the C-terminal
peptide of Hsp70h. As shown in Fig. 4 (lanes Mock and
BYV), each of these antisera detected a product of the
expected molecular weight in the extracts from BYV-
infected, but not mock-inoculated plants. It was also
found that the truncated BYV variant PN directed p6
synthesis in the transfected protoplasts (data not
shown).
We were next interested in using these anti-p6 and
anti-Hsp70h sera for characterizing the coding capaci-
ties of the sgRNAs 1 and 2. To this end, the regions of the
BYV genome corresponding to each sgRNA were PCR-
amplified with concomitant addition of the SP6 RNA
polymerase promoter. The resulting products were used
to generate capped RNA transcripts, which were trans-
lated in wheat germ extracts. It should be mentioned that
the synthetic sgRNA 1 corresponded to the wild type,
whereas sgRNA 2 contained an extra G at the 5-termi-
nus to promote its in vitro transcription by the SP6 RNA
polymerase. Examination of the in vitro translation prod-
ucts using immunoblot analysis demonstrated that each
synthetic sgRNA directed formation of the expected
product (Fig. 4). Moreover, translation of the sgRNA 1 did
not yield Hsp70h. This result further confirmed the need
in generation of separate sgRNAs for p6 and Hsp70h
expression in BYV-infected cells.
In addition to the wild-type sgRNAs, we examined
translation of the mutant sgRNAs 1 and 2, in which the
5-proximal start codons of the p6 or Hsp70h ORFs,
respectively, were inactivated by substitution of AUA for
AUG. As expected, these mutations abolished translation
of p6 and Hsp70h by sgRNAs 1 and 2, respectively (Fig.
4; lanes NoHsp and Nop6), thus confirming the identity of
the p6 and Hsp70h start codons. Furthermore, mutant
sgRNA 1 was incapable of translating Hsp70h despite
the presence of the intact Hsp70h ORF, the start codon of
which became the most 5-terminal AUG in the mutant
sgRNA 1 (Fig. 4, top, lane Nop6). This result could be due
to the improper length and/or structure of the 5-untrans-
lated region in the mutant sgRNA 1. This leader region is
by 65 nt longer than that in sgRNA 2 and could harbor
structural elements that obstruct translation initiation at
the start codon of the Hsp70h ORF.
DISCUSSION
In this work, we address a longstanding problem con-
cerned with the two ORFs present in the viruses of a
Closterovirus genus. Although the tight, tandem arrange-
ment of these ORFs is conserved among genus mem-
bers (Karasev, 2000), their expression mechanism re-
mained unknown. In BYV, the 5-proximal of these ORFs
is only50 codons long and potentially encodes a small
hydrophobic protein, p6 (Agranovsky et al., 1991). Since a
stop codon of the p6 ORF and a start codon of the
Hsp70h ORF overlap (Fig. 2), it seemed plausible that p6
and Hsp70h could be expressed from a single sgRNA
species via a reinitiation mechanism (Gale et al., 2000).
Also, the possibility could not be excluded that the short
p6 ORF is a regulatory ORF that does not specify a
functional protein, but rather modifies expression of the
downstream ORF (Geballe and Morris, 1994).
FIG. 3. Northern hybridization analysis of the BYV-specific RNAs
produced in transfected protoplasts. M, mock-transfected protoplasts;
WT, transfection with the wild-type (BYV-4) variant; PN, transfection
with the truncated variant BYV-PN. An inset at the right is a close-up
of the overexposed film area showing truncated sgRNAs 1 and 2
produced by the BYV-PN variant. Arrows mark individual RNA spe-
cies. G, genomic RNA, Int, intermediate-size, possibly defective RNA
(Peremyslov et al., 1998); R, bands corresponding to cross-hybridization
of the BYV-specific probe with the cellular ribosomal RNAs. Other RNA
species correspond to the 3-coterminal sgRNA species, each of which
is numbered as in Fig. 1. The sizes of RNAs in nucleotides are shown
in parentheses.
302 PEREMYSLOV AND DOLJA
To determine whether p6 and Hsp70h are expressed
from one or two sgRNAs, we analyzed the number and
identity of the 5-ends of these RNAs. The initial experi-
ments revealed the 5-terminus of only one sgRNA that
encoded Hsp70h, but not p6. Because of that, we as-
sumed that p6 is expressed from a sgRNA that is tran-
scribed to a low level. In order to elevate this level, two
truncated BYV variants were engineered. Characteriza-
tion of these variants permitted identification of the 5-
terminus of the sgRNA 1, as well as separation of this
sgRNA from sgRNA 2 (Fig. 3). It seems interesting that
the 5-terminal nucleotide of sgRNAs 2, an A, is the same
as in sgRNAs 4 and 5 (Agranovsky et al., 1994). In
contrast, sgRNA 1 starts with a G.
As expected, the level of sgRNA 1 was much lower
than that of sgRNA 2. Taken together with the previous
analysis of the transcriptional control in BYV (Hagiwara
et al., 1999), this result indicates that sgRNA 1 is by far
the least abundant of all sgRNAs. To further confirm the
mechanism of p6 and Hsp70h expression, we generated
synthetic sgRNAs and demonstrated that each ex-
presses only one, 5-proximal ORF. The fact that sgRNA
1 was incapable of directing any detectable production
of Hsp70h compromised the possibility that the p6 ORF
FIG. 4. Immunoblot detection of the Hsp70h and p6 produced in BYV-infected plants and in cell-free translation reactions. The protein bands were
visualized using corresponding antisera. The lanes are labeled as follows: BYV and Mock, BYV-infected and mock-inoculated N. benthamiana plants,
respectively; RNA, cell-free translation with no exogenous RNA added (negative control); p6 and Hsp70h, cell-free translations of the synthetic
sgRNAs 1 and 2, respectively; Nop6 and NoHsp, translation of the mutant sgRNAs in which the start codons of the corresponding ORFs were
inactivated. DP, degradation product of the Hsp70h detected in BYV-infected plants.
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plays merely a regulatory role. Indeed, Hsp70h expres-
sion by sgRNA 2 would likely overwhelm any regulated
production of this protein by sgRNA 1. These results and
detection of the p6 in BYV-infected plants (Fig. 4) further
supported the assumption that the p6 itself rather than
the corresponding RNA region is critical for BYV cell-to-
cell movement (Alzhanova et al., 2000).
The untranslated leader regions of the sgRNAs 1 and
2 are 43 and 142 nt, respectively. Each of these RNAs
possesses an identical heptanucleotide, GUGAUGG,
that includes the start codon and provides an optimal
translational context. In addition, an identical octanucle-
otide, GACUGUGU, is located at a distance 11–12 nt from
the start site of each sgRNA (shaded regions in Fig. 2).
Nucleotide sequence comparisons of the regions adja-
cent to start sites of the BYV sgRNAs 4 and 5
(Agranovsky et al., 1994) with those of the sgRNAs 1 and
2 did not reveal extended conservation or the presence
of the octanucleotide mentioned above. On the other
hand, comparison of the BYV RNA region shown in Fig. 2
with the analogous region in the Citrus tristeza virus
(CTV) revealed two 12-nt-long areas (boxed in Fig. 2) that
are conserved between these two members of a Clos-
terovirus genus. Interestingly, these regions overlapped
conserved BYV octanucleotides with the common pen-
tanucleotide with the consensus sequence G-Py-G-U-Pu.
It seems possible that this pentanucleotide represents
an element that is involved in transcription of the corre-
sponding sgRNAs in BYV and CTV. Although this putative
element is relatively short, an even shorter CCA element
was recently shown to promote RNA synthesis in several
positive-strand RNA viruses (Yoshinari et al., 2000).
It was found that the relatively long leaders of the
cellular mRNAs that encode particular classes of Hsp70s
are A-rich or GC-rich or even provide an internal ribo-
some entry site (Macejak and Sarnow, 1991; Hess and
Duncan, 1996; Vivinus et al., 2001). Each of those fea-
tures is believed to provide for posttranscriptional,
stress-inducible activation of Hsp70 expression. Except
for the length, none of these features was revealed in the
leader of BYV Hsp70h sgRNA. This apparent lack of
stress-responsive control elements in the leader of viral
Hsp70h mRNA suggests that the translational control
over this mRNA is virus-specific rather than stress-induc-
ible.
Together with previous work (He et al., 1997; Peremys-
lov et al., 1998; Hagiwara et al., 1999), this study finalizes
the characterization of the complete set of sgRNAs
formed by BYV, a prototype Closterovirus. Interestingly,
an 15-kb genome of BYV and the largest known RNA
genome, an30-kb genome of theMurine hepatitis virus
(a Coronavirus), both specify 7 sgRNAs (Lai and Ca-
vanagh, 1997). However, this level of RNA genome com-
plexity is exceeded by an 20-kb genome of CTV, which
specifies 9 or 10 3-coterminal sgRNAs (Hilf et al., 1995).
In additional to these “typical” sgRNAs, CTV was shown
to generate 5-coterminal and other types of less-than-
genome size RNAs (Che et al., 2001; Gowda et al., 2001).
Although the significance of these multiple species of
CTV RNAs is yet to be determined, their sheer number
highlights an unexpectedly complex pattern of transcrip-
tional regulation in large, positive-strand RNA viruses.
MATERIALS AND METHODS
RNA isolation and Northern hybridization analysis
Total RNA was extracted from upper leaves of Nicoti-
ana benthamiana infected with the wild-type BYV or from
N. tabacum protoplasts transfected with the RNA tran-
scripts as described (Peremyslov et al., 1998). Pieces of
leaves or protoplast pellets were homogenized in 5 vol of
TRIzol reagent (Ambion, Austin, TX), and RNA was puri-
fied according to the manufacturer’s protocol. The RNAs
were separated in 1% agarose gel and Northern blot
hybridization analysis was conducted using Immobilon-
Ny membranes (Millipore, Bedford, MA) and the 32P-
labeled, BYV-specific, negative-sense RNA probe. This
probe was prepared by in vitro transcription of the PCR-
amplified DNA fragment that possessed the BYV ORF
encoding p21 under control of the T7 RNA polymerase
promoter. The sequence of the negative-sense primer
that contained a promoter and a region complementary
to a 3-proximal part of the p21 ORF is as follows: 5-
TAATACGACTCACTATAGGGAGACTATACAGCTATACC
(the BYV-specific sequence is in boldface type). The
positive-sense primer corresponded to BYV nt 14,766 to
14,780.
RLM-RACE
The 5-end of the Hsp70h sgRNA was mapped using
the FirstChoice RLM-RACE kit (Ambion) following the
manufacturer’s recommendations. In brief, the total RNA
preparation obtained from BYV-infected plants was se-
quentially treated by alkaline phosphatase and tobacco
acid pyrophosphatase. The 5 RACE Adapter was ligated
to the 5-termini of the decapped mRNAs. The BYV-
specific, first-strand cDNA was generated using reverse
transcription and a primer complementary to BYV nt
10,000 to 10,022. The resulting cDNA was PCR-amplified
using the same BYV-specific primer and 5 RACE Outer
Primer and reamplified using 5 RACE Inner Primer and
a primer complementary to BYV nt 9943 to 9962. The final
PCR product was digested with KpnI and BamHI and
cloned into pBluescript II KS() plasmid (Stratagene, La
Jolla, CA). The resulting clones were analyzed using
restriction endonuclease mapping and nucleotide se-
quencing. A similar approach was used to map the
5-terminus of the p6 sgRNA. In this case, however, the
RNA for analysis was isolated from the protoplasts trans-
fected with the mini-BYV variant pBYV-GUS-p21 (Hagi-
wara et al., 1999). The PCR amplification was done using
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5 RACE Outer Primer and a primer complementary to
BYV nt 13,618 to 13,643. The reamplification primers were
5 RACE Inner Primer modified to incorporate an XbaI
site (5-GCTCTAGAACACTGCGTTTGCTGGCTTTGATG;
the site is underlined) and a primer that was comple-
mentary to BYV nt 13,530 to 13,559 and also contained
the synthetic HindIII site (5-GCAAGCTTGACCGAGGTC-
GAAAAGACTG; the site is underlined). The reamplifica-
tion product was digested with XbaI and HindIII, cloned
into pBluescript II KS(), and analyzed.
Engineering of the truncated BYV variant pBYV-PN
Previously described plasmid pBYV-4 (Peremyslov et
al., 1999) harboring full-length BYV cDNA (GenBank Ac-
cession No. AF190581) was used to generate a truncated
variant of the virus genome. To this end, the region
spanning from the PshAI site located at BYV nt 9994 to
the NsiI site (nt 15,061) was deleted and the resulting
ends were blunted and ligated to obtain pBYV-PN. This
BYV variant lacked the 3-terminal half of the Hsp70h
ORF, p64, CPm, CP, and p20 ORFs, as well as the 5-
terminal part of the p21 ORF (Fig. 1). However, pBYV-PN
retained a 3-terminal BYV cDNA region that is essential
for virus replication (Peremyslov et al., 1998).
Generation and in vitro translation of the p6 and
Hsp70h sgRNAs
The full-length, double-stranded cDNAs correspond-
ing to p6 and Hsp70h sgRNAs were generated by PCR
using pBYV-4 as a template. The negative-strand primer
used in both reactions was complementary to the very
3-terminal BYV nucleotides followed by an SmaI site
(5-TTCCCGGGCGGCCCTTATTTTTTC; the site is under-
lined). The nucleotide sequences of the XbaI site and the
SP6 RNA polymerase promoter were added to each of
the positive-sense primers so the 5-nucleotide of a
corresponding RNA transcript would be the nucleotide to
which a 5-terminus of sgRNA was mapped. The se-
quences of these primers for p6 and HSP70h cDNAs,
respectively, were as follows: 5-GCTCTAGATTTAGGT-
GACACTATAGTTGTTTTGTTTGTTCGTG and 5-GCTCTA-
GATTTAGGTGACACTATAGATTTATTACTCGCATTCG (the
sequence of the SP6 promoter is shown in boldface type;
the XbaI sites are underlined). Each of the PCR products
was cloned into pBluescript II KS() digested with XbaI
and SmaI. The resulting plasmids were linearized with
SmaI and used to generate capped RNA transcripts
(Peremyslov et al., 1998). The mutant variants of the
sgRNAs were generated in the same way except that
pBYV-4-Nop6 or pBYV-4-NoHSP70h was used as the PCR
template (Alzhanova et al., 2001). RNA transcripts were
translated in vitro using wheat germ extracts (Promega,
Madison, WI) according to the recommendations of the
manufacturer, except that nonradiolabeled amino acids
were used.
Production of antisera and immunoblot analysis
Rabbit polyclonal antisera against synthetic, C-termi-
nal oligopeptides of p6 (CKQILFRNTPPSNEARFNRSTVV)
and HSP70h (CNSSELLLGRVIPKILRGSRVEKLDV) were
raised at Genemed Synthesis, Inc. (South San Francisco,
CA). HSP70h and p6 proteins were detected in the pro-
tein extracts of the BYV-infected N. benthamiana plants
or in in vitro translation mixtures using immunoblot anal-
ysis. The proteins were separated on 10 or 15% SDS–
PAGE, respectively, and electrotransferred to Immo-
bilon-P membrane (Millipore). The p6 and Hsp70h were
detected using corresponding antisera diluted 1:2000
and an ECL Western blotting detection kit as recom-
mended by manufacturer (Amersham/Pharmacia Bio-
tech, Piscataway, NJ).
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